Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis of iron-deficient and replete cell 
Eucaryotic proteins with high affinities for iron, such as transferrin and lactoferrin, render procaryotes iron deficient in vivo (53) . This competition for iron between host and microbe selects for efficient bacterial iron chelators (siderophores) that can capture iron from mammalian proteins and for specific bacterial outer membrane (OM) receptor proteins that recognize ferric siderophore complexes and transport them into the microbial cell. Both pathogenic and commensal bacteria produce and utilize siderophores in response to iron stress; certain siderophore uptake systems may confer virulence or invasiveness to bacteria that contain them (15, 24, 40, 74) .
The native iron acquisition system of Escherichia coli contains enzymes for the synthesis and secretion of the siderophore enterobactin; an OM receptor protein, FepA, that specifically adsorbs ferric enterobactin; and a variety of other cell envelope proteins that act in the transport and deferration of ferric enterobactin (26, 53, 56, 59, 70) . The FepA structural gene has been cloned and sequenced (44) ; mature FepA contains 723 amino acids and has a molecular mass of 81 kDa (48) . In E. coli the ferric enterobactin receptor also acts as the cognate OM receptor for colicins B and D (25, 72) . Related members of the family Enterobacteriaceae, including Klebsiella, Salmonella, and Shigella spp., both produce and transport enterobactin (15, 42, 53) ; the structural gene for the ferric enterobactin receptor pro-* Corresponding author. tein has been cloned from the latter two bacteria (64a, 67a) . The effects of iron stress have been studied in many gramnegative bacteria, including Escherichia (12, 14, 36, 48, 53) , Haemophilus (49, 50) , Klebsiella (33, 42) , Neisseria (4, 58, 73) , Pasteurella (16, 31, 55, 66) , Pseudomonas (60) , Proteus (18) , Salmonella (17, 20, 75) , Serratia (46) , Shigella (57), Vibrio (2, 15, 37, 69) , and Yersinia (8, 9, 61) spp. These bacteria synthesize numerous iron-regulated membrane proteins (IRMP) whose biochemical functions are for the most part uncharacterized.
Pathogenesis of gram-negative bacteria in mammals elicits a humoral immune response to the external surface structures of the bacterial cell (7, 19, 20, 27, 38, 39, 45, 67, 71) . More significantly, antibodies raised against OM proteins or lipopolysaccharide (LPS), the major surface antigens of gram-negative bacteria, can protect against infection by enteric bacteria (19, 32, 38, 39, 76) .
The immunochemical identification of external surface epitopes (henceforth referred to as surface epitopes) of E. coli OM proteins has led to predictions about their secondary and tertiary structures, the number and composition of their surface-exposed residues, their functional domains, and their associations with LPS (11, 21, 35, 51) . E. coli FepA contains surface epitopes in at least five different regions of its primary structure, bounded by residues 27 to 37, 204 to 227, 258 to 290, 290 to 339, and 382 to 400 (3, 51) . The E. coli K-12 LPS core and 0-antigen sugars obscure most of these surface epitopes of FepA, but the receptor's ferric enterobactin and colicin-binding domains in region 290 to 339 are SURFACE AND BURIED EPITOPES OF FepA 5965 free of LPS steric hindrance. FepA contains other epitopes in regions of its tertiary structure that are normally buried in the OM bilayer (28, 51) (henceforth referred to as buried epitopes).
The families of gram-negative bacteria encompass an assortment of species that are evolutionarily related to E. coli. For any specific protein that is conserved among them, these different bacteria constitute a repository of mutants that have been naturally selected for their biochemical fitness over the millennia. The analysis of structural changes that have occurred during such evolution may lead to the identification of important domains within a protein of interest, as well as insights about the dynamics of its conformation. With anti-FepA monoclonal antibodies (MAbs) of known specificities, we evaluated the conservation of surface and buried epitopes of the E. coli ferric enterobactin receptor in both closely and distantly related gram-negative bacteria. Each of the bacteria we surveyed contained an IRMP that is antigenically related to E. coli FepA; the immunochemical structure of these homologs of E. coli FepA has diverged more in the surface domains of the receptor than in its buried, transmembrane polypeptides.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Thirty-nine different strains of gram-negative bacteria representing 18 different genera were tested (see Table 1 ). The enteric bacteria were grown at 37°C in Luria broth to mid-log phase, subcultured (1%) in Trypticase soy broth (Difco), and rendered iron deficient by the addition of 0.1 mM apoferrichrome A (36) . For Edwardsiella tarda, a,a-dipyridyl (0.2 mM) was used to elicit iron stress, since apoferrichrome A was ineffective. Haemophilus spp. were cultured in brain heart infusion medium plus Fildes enrichment (1%) (Difco), aerated with 10% CO2, and subjected to iron stress by subculture into brain heart infusion medium containing 0.1 mM apoferrichrome A. Neisseria strains were grown in GC medium (10) , aerated with 10% C02, and rendered iron deficient by growth in chemically defined medium (10, 73) . Iron-deficient cultures were shaken with vigorous aeration at 37°C for 6 h and harvested by centrifugation. The cells were washed in Tris-HCl buffer (pH 7.2), suspended in the same buffer at 5 x 109/ml, and stored at -70°C.
TnphoA insertions into fepA, and FepA::PhoA fusion proteins. fepA was mutagenized with TnphoA, and the sites of phoA gene fusion were sequenced by the dideoxy chain termination method (52) .
Cell lysates, envelopes, and OMs. Bacteria (108 cells) were lysed by boiling in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (35) . Cell envelopes were prepared by passing a concentrated bacterial cell suspension through the French press at 14,000 lb/in2 and pelleting the cell envelopes by centrifugation (65) . OMs were produced by extracting the cell envelopes with 0.5% Sarkosyl (48) in Tris-buffered saline (TBS) for 30 min at 25°C and collecting the Sarkosyl-resistant pellet after centrifugation at 30,000 x g for 45 min.
SDS-PAGE and Western blots. SDS-PAGE was performed and analyzed by ammoniacal silver staining as described previously (35, 51) . Cell envelopes and OM fractions from wild isolates of Salmonella, Citrobacter, Serratia, and Enterobacter resolved poorly in SDS-PAGE, probably because of the association of OM proteins with LPS (54, 62) and capsule. The incubation of OM or cell envelopes with lysozyme (1 mg/ml) for 30 min at 0°C and the addition 0.03 M EDTA and 0.2 M NaCl to the SDS-PAGE sample buffer improved electrophoretic separation. For silver-stained gels, 5 ,ug of each sample was boiled for 5 min and spun in the microcentrifuge for 1 min, and the supernatant was loaded into the slab.
For Western immunoblots (35) , 108 bacteria or 20 ,ug of cell envelopes or OM was suspended in SDS-PAGE sample buffer (with the modifications described above), boiled for 5 min, and electrophoresed on 11% polyacrylamide slabs (43) . Prestained molecular weight markers (Bio-Rad) were included in one lane. Proteins were electrophoretically transferred to nitrocellulose (NC) at 10 V for 12 h. The NC was incubated in TBS containing 1% gelatin and 0.2% NaN3 (TBSG) for 30 min, and a 2-in. (5-cm) strip containing proteins in the molecular mass range of 50 to 150 kDa was cut from the paper and incubated overnight in diluted monoclonal ascitic fluid at ambient temperature. Western blots were developed with goat anti-mouse immunoglobulinalkaline phosphatase and nitroblue tetrazolium-bromochloroindoyl phosphate (5) . The reaction was stopped after 30 min by washing the strips in distilled water.
Anti-FepA MAbs. Ascitic fluids from murine anti-FepA hybridomas were titered by enzyme-linked immunosorbent assay and Western blot against purified denatured E. coli FepA and were appropriately diluted such that equivalent reaction intensities were obtained for each MAb against E. coli FepA. The adjusted ascitic fluids were used in Western blots and flow cytometry. Conventional normal mouse serum, germfree antigen-free normal mouse serum, and ascitic fluid from the cell fusion partner, P3-X63-Ag8.653 (34) , and from a nonspecific immunoglobulin Gl murine MAb were prepared in TBSG at 1% as negative controls.
Flow cytometry. E. coli (51) KDL118 (rfa+) and KDF29 (rfaD), containing plasmids expressing either E. coli K-12 (pITS449 [3] ) or Shigella flexneri (pMPS13 [64a] ) fepA, and Salmonella typhimurium, Salmonella paratyphi B, Salmonella typhi, and Klebsiella pneumoniae rfa strains were grown to mid-log phase in LB broth with appropriate antibiotic selection, rendered iron deficient by subculture (1%) into T medium (48) , and grown to the late mid-log phase (approximately 6 h). The bacteria were stained with antiFepA MAb and fluorescein-conjugated goat anti-mouse immunoglobulin (Sigma) and analyzed cytofluorimetrically (51) .
Ferric enterobactin uptake measurements. Gram-negative bacteria were subjected to iron stress as described above, and their ability to accumulate chromatographically purified [59Fe]enterobactin (74) and [59Fe]ferrichrome was determined (41, 51) . Results were evaluated in comparison with 59Fe-siderophore uptake by the E. coli K-12 strains BN1071 (fepA+ tonA+) (36), UT2300 (fepA) (48) , and AN193 (tonA) (36) .
RESULTS
Location of epitopes within FepA primary structure. The majority of anti-FepA MAbs used in this study were characterized previously (51) . Utilizing a collection of fepA:: phoA gene fusions which produce FepA::PhoA fusion proteins that are in essence C-terminal truncations of FepA (52) , each of the epitopes recognized by anti-FepA MAbs was localized within the primary structure of the receptor (51 16, respectively, in panels A to E) pFP609, -566, -495, -483, -480, -475, -474, -444, -429, -400, -382, -352, -314, -307, and -290 or (lanes 1 to 3, respectively, in panels F to H) pFP178, -142, and -100 were grown in T medium containing appropriate antibiotics (52) , collected by centrifugation, lysed by boiling in SDS-PAGE sample buffer (108 cells), and electrophoresed on 11% polyacrylamide slabs. The cell lysates were transferred electrophoretically to NC and immunoblot- several of the antibodies. One of the results that was enabled by these new gene fusions was the differentiation of antibodies that bind within region 100 to 178 (Fig. 1 14)
. 4i) 0. 00 Noteworthy in this regard was H. parainfluenzae, which contained an IRMP that reacted strbngly with eight antiFepA MAbs. Individual species within a genus were usually equivalent to one another in their reactivity with the MAb test panel (Shigella, Enterobacter, Salmonella spp.), but again, exceptions were observed (Citrobacter, Proteus, Haemophilus spp.). Such discrepancies were not caused by differences in the level of IRMP expression between different strains (which was monitored by SDS-PAGE) and were verified by repeated trials. The disparate strains were not misidentified, because the cell envelope protein profiles of species within a genus were identical to one another, yet distinct from all other genera tested (Fig. 2) . Hence, in these instances significant variation in OM protein structure occurred in different species within the same genus. The level of IRMP expression sometimes varied within a genus (the best examnple was reduced expression of FepA in S. flexneri relative to S. boydii), which was reflected on immunoblots as a difference in the degree of positivity rather than an absence of reactivity ( Table 1 
DISCUSSION
Because the ferric enterobactin receptor is an integral OM protein that interacts with its ligands (and can be bound by antibodies) in the environment, it contains both membrane bilayer-spanning domains (51) and external cell surface domains. In addition, if FepA physically interacts with periplasmic proteins that are necessary for ferric enterobactin uptake, then it also contains residues that are localized at the periplasmic face of the OM bilayer. The peptides in these dissimilar regions of FepA structure are subject to thermodynamic and physiological constraints that restrict their amino acid composition. Surface polypeptides must possess an overall hydrophilicity that facilitates their interaction with the aqueous interfaces of the outer membrane. For external cell surface residues, associations with the core and G-antigen sugars of LPS may exert further requirements for hydrophilicity. Polypeptides that traverse the OM bilayer, on the other hand, associate with phospholipid and LPS fatty acids (54, 62) and must therefore include residues of sufficient hydrophobicity to stabilize this interaction. Enteric bacterial porins, for example, contain transmembrane ,B-strands that possess a hydrophobic face that interacts with the OM lipids on the porin exterior and a hydrophilic face that lines the surface of the water-filled channel in the porin interior (11, 35, 68) . FepA contains a similar series of amphiphilic 1-strands, proposed to face the bilayer lipids on one side and a hydrophilic region of the FepA interior on the other (51) . Superimposed upon these underlying thermodynamic restrictions, certain FepA residues bind ferric enterobactin and/or colicins or interact with other cell envelope proteins (TonB, ExbB, FepB). These factors imply that evolutionary changes will progress more rapidly in the membrane surface domains of FepA (with the predicted exception of ligand-binding sites) than in its transmembrane polypeptides, because a greater variety of substitutions can be accommodated in surface regions without disruption of receptor protein structure. For example, mutations that substitute a hydrophobic residue for a hydrophilic one will likely be tolerated in FepA's external surface polypeptides because of the inability of a single residue to alter the immense mean hydrophilicity of such regions. The fact that an assortment of hydrophobic amino acids occurs throughout the known external surface epitopes of FepA supports this contention. Conversely, natural selection will act against antithetical substitutions in bilayer lipid-contiguous residues of a transmembrane 1-strand, because such mutations may disrupt ferric enterobactin transport, as a result of perturbation of receptor structure, increased susceptibility to OM proteases, or improper localization within the cell envelope. The data reported herein on the immunochemical structure of FepA in gram-negative bacteria support these intuitive arguments; the surface epitopes of FepA have in fact diverged more than its buried epitopes.
Antibodies to continuous epitopes (64) are sensitive indicators of residue substitution in proteins because they recognize short polypeptide sequences (22, 23) , and singleresidue substitutions may completely abolish recognition by a particular antibody combining site (1 (51) .
The extensive conservation of buried epitopes within regions 100 to 142 (MAb 2) and 495 to 566 (MAb 64) suggests that polypeptides in these regions are crucial to receptor structure or the passage of ferric enterobactin through the OM bilayer. Because of their conservation, buried epitopes may act to broadly immunize animals against infection by gram-negative bacteria (47) . IRMPs are immunogenic and protective in vivo (6, 7, 13, 20, 28, 58, 71) , but the relative contributions of surface and buried epitopes of OM proteins to such protection are unknown. The function of antisera to OM proteins in defense against bacterial infection is paradoxical, because their surface epitopes are masked by LPS and capsule and their buried epitopes are protected by the structural integrity of the OM. Yet serum samples from convalescent individuals infected with gram-negative bacteria show reactivity with OM proteins of the pathogen (7, 20, 39, 71) . Such humoral immunity may act during infection to clear bacterial debris from circulation (19, 76) The ferric enterobactin receptor, or some significant structural remnant of it, appears conserved in all the bacteria we have studied. Although we cannot conclude with certainty that each of these FepA homologs is an authentic ferric enterobactin receptor protein, the uptake of [59Fe]enterobactin by such organisms is evidence for this relationship. Reactivity with the library of anti-FepA MAbs diminished precipitously for bacteria less related to E. coli than Enterobacter spp., but ferric enterobactin transport was observed in several distant organisms, including Proteus spp., H. parainfluenzae, and Neisseria spp. Although Neisseria spp.
accumulated ferric enterobactin only 25% as efficiently as E. coli, we believe that these data are biologically relevant. Preincubation of the gonococci with KCN eliminated [59Fe]enterobactin uptake, and ferric enterobactin stimulated the growth of iron-deficient Neisseria spp. (data not shown). The finding that distantly related bacteria contain an OM protein that transports the native E. coli siderophore but possesses only slight structural homology to E. coli FepA indicates that extensive alteration of ferric enterobactin receptor structure can occur without disrupting the protein's stability in the OM or its ability to recognize and transport ferric enterobactin.
